Background: Genomic analysis of bacteriophages infecting the Burkholderia cepacia complex (BCC) is an important preliminary step in the development of a phage therapy protocol for these opportunistic pathogens. The objective of this study was to characterize KL1 (vB_BceS_KL1) and AH2 (vB_BceS_AH2), two novel Burkholderia cenocepacia-specific siphoviruses isolated from environmental samples.
Background
The clinical administration of bacteriophages, referred to as phage therapy, has now been used to treat bacterial infections for nearly a century. Although this type of therapy had been largely abandoned outside of Eastern Europe since antibiotics became available in the 1940s, the emergence of antibiotic-resistant pathogens has re-established phage therapy as a viable antibacterial treatment [1] . Recent studies have shown that phages and phage components are effective both in animal models (against species such as Staphylococcus, Pseudomonas, Klebsiella, Escherichia, Salmonella, and Campylobacter) and in human clinical trials [2] [3] [4] [5] [6] [7] [8] . Advances in phage delivery and storage (such as nebulization, lyophilization, and spray drying for respiratory phage therapy) and genomic characterization (including high-throughput sequencing and annotation) have made phage therapy more feasible with respect to both logistics and safety [9] [10] [11] [12] .
One group of bacteria that is thought to be an excellent target for phage therapy is the Burkholderia cepacia complex (BCC). These bacterial species, which primarily infect patients with cystic fibrosis (CF), are problematic because they can cause serious illness (including, in up to 20% of cases, a fatal necrotizing pneumonia referred to as 'cepacia syndrome'), they are capable of patientto-patient spread (particularly in settings such as CF centers), and, perhaps most importantly, they are highly antibiotic resistant [13] [14] [15] [16] . Very few antibiotics are active against the BCC, even in combination: Zhou et al. [16] tested a panel of antibiotics against BCC clinical isolates and determined that less than half of the strains were susceptible to even the most effective drugs. Clinically, the most commonly isolated BCC species are Burkholderia multivorans and Burkholderia cenocepacia, with the latter thought to be the most pathogenic [17] . BCC phage therapy trials have focused on this species and, to date, phages have been shown to be effective against B. cenocepacia in both invertebrate and mammalian infection models [18] [19] [20] .
As B. cenocepacia infections are some of the most problematic for the CF community, the isolation and characterization of novel phages that infect this species remains a priority. Many of these phages have been isolated in recent years, but only some have been fully sequenced (reviewed in [21, 22] ). Here, we describe the isolation and characterization of KL1 and AH2, two novel B. cenocepacia-specific phages with identical host ranges and unique growth characteristics, but strikingly dissimilar genomes.
Results and discussion
Isolation, host range and morphology KL1 was isolated from sewage using B. cenocepacia K56-2 as a host. In contrast to enterobacteria phages, which are commonly found in sewage [23] , this is the first report of BCC phage isolation from this source. AH2 was isolated from Nandina sp. (also known as heavenly bamboo) soil using B. cenocepacia C6433. BCC phages have commonly been isolated from both rhizospheres and soil samples, including that of onion and Dracaena sp. [18, 20, [24] [25] [26] [27] . KL1 and AH2 are very similar with respect to both host range and growth characteristics. These phages have a relatively narrow tropism, infecting B. cenocepacia K56-2, C6433, 715J, and K63-3. Both KL1 and AH2 exhibit a pattern of lysis that is unique in our collection of BCC-specific phages: although high titre stocks of these phages are very concentrated (up to 10 11 plaque forming units [PFU]/ml), these phages do not produce clear lysis in agar overlays after 16 h incubation like other phages that we have previously characterized [18, 19, 26, [28] [29] [30] . Instead, turbid or no clearing is observed at high titres, with mottling or individual plaques observed at lower titres (approximately 10 7 PFU/ml or less). At low titres, incubation at 30°C for greater than 16 h is required for plaque formation, but plaques are not observed if incubation is at 37°C (Figure 1 ). Individual plaques are turbid with a diameter of 0.5-2 mm (larger plaques may have a punctate appearance). When tested with a panel of K56-2 mutants with progressive deficiencies in lipopolysaccharide (LPS) structure (from the O-antigen to the core) [31, 32] , both phages were able to infect each mutant, suggesting that neither KL1 nor AH2 uses LPS as a major receptor.
Both KL1 and AH2 belong to the order Caudovirales and family Siphoviridae as determined by electron microscopy. The KL1 virion has a non-contractile tail approximately 160 nm in length and a capsid approximately 55 nm in diameter ( Figure 2A ). The AH2 virion is slightly larger, with a non-contractile tail approximately 220 nm in length and a capsid approximately Figure 2B ). The stacked rings comprising the tail structure are visible in the AH2 micrograph ( Figure 2B ).
Genome characterization
Despite the similarities in phenotype between KL1 and AH2 with respect to host range and growth characteristics, the genomes of these two phages are dissimilar. Restriction fragment length polymorphism (RFLP) analysis shows distinct banding patterns of EcoRI-digested KL1 and AH2 genomic DNA, suggesting that their sequences are substantially different ( Figure 3 ). This prediction is confirmed by the results of whole genome pyrosequencing (discussed below) and is illustrated in Figure 4A : in a Circos plot of a PROmer comparison of these two phages, no regions of similarity at the protein level are observed under the parameters used.
The KL1 genome is 42,832 base pairs (bp) in length and has a 54.6% GC content. This percentage is lower than that for most Burkholderia-specific phages, which tend to have GC contents between 60-65% (excluding phages such as BcepB1A [54.5%], BcepF1 [55.9%], and BcepGomr [56.3%]). We were unable to identify a KL1 cos site following incubation of the DNA at 80°C, as the RFLP profiles appeared identical both before and after heating ( Figure 3 ). KL1 is predicted to encode 55 proteins, all of which have an ATG start codon, except for gp2 which has a GTG codon ( Figure 5 , Table 1) .
KL1 is most similar to Pseudomonas phage 73 (PA73; NC_007806), a siphovirus that infects Pseudomonas aeruginosa [33] . These phages are similar with respect to genome length (42,999 bp for PA73 and 42,832 bp for KL1), GC content (53.6% for PA73 and 54.6% for KL1), and predicted number of proteins (52 for PA73 and 55 for KL1). BLASTN comparison of KL1 and PA73 indicates that these sequences are similar over 69% of the KL1 genome. KL1 encodes a protein most similar to each PA73 protein from ORF001-ORF052 (excluding 12 proteins) ( Table 1 ). Most PA73 proteins show limited similarity to others in the NCBI database and have not been assigned a putative function [33] . Of the 9 PA73 proteins with predicted functions, all but one (peptidyl-tRNA hydrolase [peptide chain release factor]) is similar to a KL1 protein: holin, terminase large subunit, head morphogenesis protein, tail tape measure protein, DNA polymerase, superfamily II helicase/restriction enzyme, helicase (annotated here as recombinase), and dCMP deaminase (KL1 gp2, gp7, gp9, gp21, gp27, gp30, gp33, and gp52, respectively) ( Table 1) . Of the KL1 proteins most similar to a PA73 protein, the most similar is gp33 (91% identity with ORF032) and the least similar is gp24 (36% identity with ORF023) ( Table 1 ). In a Circos plot of a PROmer comparison of these phages, the majority of the two genomes are similar at the protein level ( Figure 4B ).
The AH2 genome is 58,065 bp in length and has a 61.3% GC content. Incubation of the DNA at 80°C caused a shift in the RFLP profile ( Figure 3 ), suggesting the presence of a cos site. Sequencing of the shifted fragments indicates that AH2 has a 12 bp 5' overhang cos site with a sequence almost identical (1 bp difference) to that of Burkholderia phage BcepNazgul (NC_005091). AH2 is predicted to encode 78 proteins ( Figure 5 , Table 2 ). The majority of the start codons (70) are ATG, 6 are GTG and 2 are TTG ( Table 2) .
AH2 is most similar to BcepNazgul, a siphovirus isolated from soil that infects Burkholderia ambifaria. Like PA73 and KL1, these phages are similar with respect to genome length (57,455 bp for BcepNazgul and 58,065 bp for AH2), GC content (60.6% for BcepNazgul and 61.3% for AH2), and predicted number of proteins (73 for BcepNazgul and 78 for AH2). In contrast to KL1 (which is closely related to a single phage), AH2 encodes proteins similar to those from a variety of bacteria and phages ( ( Table 2 ) and 39 show some similarity based on BLASTP analysis. Of the AH2 proteins most similar to a Bcep-Nazgul protein, the most similar is gp12 (74% identity with Nazgul10) and the least similar is gp20 (24% identity with Nazgul21) ( Table 2 ). In a Circos plot of a PROmer comparison of these phages, the most similar regions at the protein level correspond to AH2 gp12, gp71, gp78 (similar to BcepNazgul Nazgul10, helicase, and DR0530-like primase, respectively) and a portion of the putative capsid morphogenesis and DNA packaging module ( Figure 4C ).
Module analysis Overview
We have identified the proteins encoded by KL1 and AH2 as belonging to four different functional categories: virion morphogenesis (including capsid morphogenesis/ DNA packaging and tail morphogenesis), lysis, DNA binding (the largest and broadest category), and MazG (a pyrophosphohydrolase [34] ). Although the proteins encoded by each phage perform many of the same functions (e.g. both KL1 gp11 and AH2 gp62 are predicted to be major capsid proteins) (Tables 1 and 2), the proteins themselves are dissimilar. As we discuss below, the finding that KL1 and AH2 can create nearly identical phenotypes with two dissimilar sets of proteins may be compelling evidence for convergent evolution occurring in these BCC-specific phages.
Virion morphogenesis
Although we have determined that KL1 is a siphovirus (Figure 2A ), the identity of many of the structural genes remains unknown. As discussed above, KL1 is most closely related to PA73, a phage whose proteins have largely uncharacterized functions. Based on BLASTP analysis, we have been able to predict the identity of only eight KL1 structural proteins: three involved in capsid morphogenesis and DNA packaging and five involved in tail morphogenesis. Gp7 (terminase large subunit) and gp9 (head morphogenesis protein) are similar to PA73 ORF006 and ORF008, respectively, both of which have been assigned putative functions in the PA73 annotation ( Table 1 ). Gp11 (major capsid protein) is similar to the major capsid proteins of Escherichia phage K1H and Listonella phage ϕHSIC. Gp20 is similar to tail proteins from multiple Escherichia phages including K1G, K1H, and K1ind1-K1ind3. Gp21 is predicted to be the tail tape measure as it is the largest protein encoded by KL1 (1272 amino acids [aa]) and it is similar to the predicted PA73 tape measure protein ORF020 (Table 1 ). Finally, gp24-gp26 are similar to BcepNazgul tail assembly proteins. Using HHpred analysis, we were able to identify an additional three proteins at a probability threshold of 75%. Gp8 is similar to bacteriophage SPP1 portal protein (99.44% probability), gp15 is similar to λ gpFII head-tail joining protein (82.86% probability), and gp16 is similar to λ gpU minor tail protein (77.70% probability) (Additional file 1: Table S1 ).
In comparison with KL1, the structural proteins of AH2 are well defined. Genes 62-68 make up the capsid morphogenesis and DNA packaging module, containing genes encoding the major capsid protein, decorator protein, prohead protease, portal protein, head-tail joining protein, and terminase subunits (large and small) ( Table 2 ). Each of these proteins is similar to a BcepNazgul protein, with percent identities between 49-58%. Several genes between 47 and 56 are similar to genes encoding BcepNazgul conserved tail assembly proteins, tape measure protein, and pre-tape measure frameshift protein G-T (with percent identities between 26-38%). Two additional AH2 tail proteins were identified using BLASTP (gp46, similar to Pseudomonas psychrotolerans L19 phage tail fiber protein) or HHpred (gp58, similar to λ gpU minor tail protein) analysis (Additional file 2: Table S2 ). Hypothetical proteins encoded in this region are likely to be involved in tail morphogenesis based on the proximity of their genes to this module.
Most tailed phages encode two tail proteins proximal to the tail tape measure gene by way of a −1 translational frameshift [35] . We have previously identified these frameshifted genes in the BCC-specific phages KS9, KS5, KS14, and KL3 [19, 29] . Using FSFinder and manual scanning for XXXYYYZ motifs, we predict that KL1 gp18/gp19 and AH2 gp55/gp56 are expressed using this mechanism. The predicted frameshift site in KL1 is GGGAAAC, immediately upstream of the gp18 TGA stop codon ( Figure 6 and Additional file 3: Figure S3 ). A −1 ribosomal shift following the terminal C will allow for expression of the 264 aa gp19 and the 142 aa gp18 from the same start codon ( Figure 6 ). Although most phages encode their frameshifted proteins immediately upstream of the tail tape measure gene, KL1 encodes an intervening tail protein, gp20 (Table 1, Figure 5 ). This organization is similar to that of Escherichia coli phage HK97, Bacillus subtilis phage SPP1, Methanobacterium thermoautotrophicum phage ψM2, Methanothermobacter wolfei phage ψM100, Lactococcus phages c2 and BIL67, and Natrialba magadii phage ϕch1 [35] . The predicted frameshift site in AH2 is AAAAAAG ( Figure 6 and Additional file 3: Figure S3 ), the same sequence used by E. coli phage VT1-Sakai, M. thermoautotrophicum phage ψM2, Staphylococcus aureus phages PVL and PV83, Lactococcus lactis phage ul36, and Borrelia burgdorferi prophage Borreliapro [35] . In the case of AH2, a −1 shift of the ribosome following the G in this sequence will allow for the 228 aa gp55 to be expressed instead of the 146 aa gp56 ( Figure 6 ). Using BLASTP or HHpred searches, we were unable to identify the KL1 or AH2 major tail proteins. However, we predict that these proteins may be gp17 in KL1 and gp57 in AH2 as the major tail genes are generally positioned upstream of the frameshifted protein genes [35] . Although not present in all sequences, RNA secondary structures are often found downstream of frameshift sites [19, 29, 35, 36] . Mfold analysis of the 35 bases downstream of the putative KL1 and AH2 sites suggests that stem-loop structures could form in both of these regions (Additional file 3: Figure S3 ).
Lysis
In KL1, we have identified the genes putatively encoding the holin, lysin, Rz and Rz1 lysis proteins. In a BLASTP search, gp2 shows similarity to putative holin proteins of PA73 and BcepNazgul. TMHMM analysis of this protein indicates that it has two transmembrane domains, so gp2 is predicted to be a class II holin [37] . Gp3 is similar to the endolysin of Erwinia phage vB_EamP-S6 (HQ728266) and contains lysozyme and peptidoglycanbinding conserved domains. Although gp4 does not show similarity to any Rz proteins in the NCBI database, it is predicted to contain a single N-terminal transmembrane domain, characteristic of Rz proteins [38] . Gp5 is predicted to be the KL1 Rz1 protein as it is similar to BcepNazgul Rz1 and LipoP analysis identifies a signal peptidase II cleavage site between positions 17 and 18 (resulting in a 70 aa protein with 4 proline residues [5.7% proline]). The proportion of prolines in the predicted Rz1 lipoprotein is low compared to previously identified Rz1 proteins in BCC phages [19, 29, 39] .
The same lysis proteins were identified in AH2. Like KL1 gp2, the putative AH2 holin gp43 is similar to the BcepNazgul holin, has two transmembrane domains, and is predicted to be a class II holin. Although gp42 shows no similarity to endolysins in a BLASTP search, Figure 6 Sequences of the KL1 and AH2 predicted translational frameshift sites. For each phage, the first row shows the DNA sequence (with the predicted frameshift site underlined); the second row shows the amino acid sequence in the original frame (the KL1 gp18 stop codon is represented by an asterisk); the third row shows the amino acid sequence in the −1 frame; the fourth row shows the amino acid sequence of the frameshifted protein.
HHpred analysis reveals similarity to both eukaryotic and prokaryotic lysozyme proteins. Gp41 is predicted to be the AH2 Rz protein as it has a single N-terminal transmembrane domain. Although manual annotation has been required for identification of the Rz1 gene in KL1 and in our previous studies [19, 29] , we predict that the GeneMark-assigned gp40 is the AH2 Rz1 protein.
Gp40 is similar to BcepNazgul Rz1 and has a signal peptidase II cleavage site between amino acids 15 and 16. Similar to the predicted KL1 Rz1, the proportion of prolines present in this protein is relatively low (3/61 or 4.9%). It is unclear from this analysis what protein(s) may contribute to the unique plaque phenotype observed in both of these phages. Aside from the low proportion of proline found in the putative Rz1 proteins, KL1 and AH2 appear to have relatively standard lysis modules, suggesting that unique (and as yet unidentified) proteins may be responsible for controlling lysis timing in each phage.
DNA binding
Of the 8 KL1 proteins similar to a PA73 protein with an assigned function, half of these are DNA-or nucleotidebinding proteins: DNA polymerase (gp27), superfamily II helicase/restriction enzyme (gp30), helicase (annotated here as recombinase [gp33]), and dCMP deaminase (gp52) ( Table 1 ). In addition, KL1 encodes a putative DNA polymerase III β subunit (gp28), exonuclease (gp31), transcriptional regulator (gp36), primase (gp37), and Vsr endonuclease (gp44) ( Table 1 and Additional file 1: Table S1 ). In a multi-genome analysis performed by Lopes et al. [40] , it was determined that PA73 ORF032 is distantly related to Lactococcus phage ϕ31 Sak4 recombinase. When this protein was expressed in E. coli, it exhibited recombinase activity, but was found to be less efficient than λ Redβ [40] . Furthermore, PA73 encodes an exonuclease, as is found in characterized phage recombinase pairs such as Redαβ in λ and RecET in rac [40] . KL1 gp33 is most closely related to PA73 ORF032 and, with 91% identity, is the KL1 protein most similar to a PA73 protein. In addition, KL1 gp31 has 65% identity with PA73 ORF030 and both of these proteins are similar to λ Redα (99.21% probability for gp31 and 99.17% probability for ORF030) ( Table 1 and Additional file 1: Table S1 ). It is interesting to note that, despite the relatively limited similarity between KL1 and other previously sequenced BCC-specific phages, both gp31 and gp33 are similar to proteins from Burkholderia phage BcepGomr (BcepGomrgp43 and BcepGomrgp45, respectively) [40] . Although further characterization of these proteins is required in both KL1 and BcepGomr, it is possible that these exonucleases and Sak4-like recombinases represent a conserved recombination system in certain BCC-specific phages.
AH2 encodes DNA replication, modification, and repair proteins including a putative DNA polymerase III β subunit (gp20), Vsr endonuclease (gp32), excinuclease (gp33), restriction endonuclease/methylase pair (gp34/ gp35), integrase (gp37), helicase (gp71), resolvase (gp72), DNA polymerase (gp73), single-stranded DNA binding protein (gp74), Cas4 superfamily exonuclease (gp75), and primase (gp78) ( Table 2 ). Other putative DNA binding proteins are predicted to be involved in transcriptional regulation. Gp28 is similar to partitioning and regulation proteins from Thermus thermophilus (100% probability) and E. coli (99.86% probability) (Additional file 2: Table S2 ). The gp30 and gp31 predicted proteins belong to the helix-turn-helix MerR superfamily and the pyocin activator superfamily, respectively. Both of these proteins, in addition to gp69, also show similarity to excisionase proteins (Additional file 2: Table S2 ). Gp70 and gp77 are similar to the lysogeny control proteins CI from enterobacteria phage 186 (99.87% probability) and Cro from Xylella fastidiosa Ann-1 (96.60% probability), respectively (Additional file 2: Table S2 ).
AH2 gp32-gp35 are predicted to be part of a DNA protection and repair module. Vsr (very short patch repair) endonucleases are involved in the repair of 5methylcytosine to thymine deamination [41] . Previously, we identified a Vsr endonuclease in the BCC-specific phage KL3 that, along with an EcoRII-C endonuclease/ methylase pair, was predicted to be part of a novel nonself DNA degradation and self DNA protection/repair module [29] . Our model proposed that non-KL3 DNA (i.e. that of the host or a superinfecting phage) would be degraded by the endonuclease (gp45), while KL3 DNA would be protected by the methylase (gp47) (converting cytosine to 5-methylcytosine). Vsr endonuclease (gp46) and very short patch repair would then prevent the accumulation of mutations caused by 5-methylcytosine deamination [29] .
The DNA protection and repair system of AH2 is analogous to that of KL3. AH2 gp32 has 51% identity with the KL3 Vsr endonuclease and is similar to E. coli Vsr endonuclease (100% probability) (Additional file 2: Table S2 ). AH2 also encodes an endonuclease/methylase pair: gp34 is similar to Kluyvera ascorbata KasI (64% identity) while gp35 is similar to K. ascorbata M.KasI, Brevundimonas diminuta ATCC 11568 cytosine-specific methyltransferase NlaX, and Acetobacter pomorum DM001 modification methylase HpaII (63-66% identity). Gp35 also has several methylase conserved domains, including Dcm (an enzyme that produces 5-methylcytosine bases at sites recognized by Vsr endonuclease) [41] . Gp33 is similar to Thermotoga maritima UvrABC system protein C (98.35% probability) and could function together with UvrAB in nucleotide excision repair (Additional file 2: Table S2 ) [42] . Although further experiments are required to identify the recognition sites of gp34 and gp35, we predict that this module may function as follows: gp34 cleaves non-self DNA, while self DNA is protected by gp35 methylation and subsequent gp32 repair (with gp33 participating in nucleotide excision repair). Although the identity and arrangement of genes in this module is different in AH2 than in KL3, the identification of a similar module in an unrelated BCC-specific phage suggests that these genes may be widely used for DNA protection and repair in this group of viruses.
MazG
A notable protein encoded by both KL1 and AH2 is MazG. MazG is a pyrophosphohydrolase that acts on ppGpp, one of the signaling molecules in bacteria produced during the stringent response [43] . When bacterial cells are in an amino acid-limited environment, RelA synthesizes pppGpp, the precursor of ppGpp, and the latter activates the expression of genes required for cell survival (such as rpoS) and represses genes required for protein and DNA synthesis (reviewed in [44] ). Recently, there has been a great deal of interest in marine phages (especially cyanophages) that encode MazG homologs, such as Prochlorococcus phages P-SSM2 and P-SSM4, Synechococcus phage S-PM2, Prochlorococcus and Synechococcus phage Syn9, Roseobacter phage SIO1, Pseudoalteromonas phage H105/1, almost one-fifth of the cyanophages tested by Bryan et al. [45] , and all of the cyanophages analyzed by Sullivan et al. [46] [47] [48] [49] [50] [51] . It has been suggested that these MazG-encoding phages are better able to infect and propagate within their hosts, which are found in nutrient-limited water. By inactivating ppGpp, these phages can promote the expression of genes that would usually be expressed by an exponential phase cell under nutrient-rich conditions, such as those required for protein and DNA synthesis [52] . There are few published reports of the mazG gene in non-marine phages, but it has been previously identified in Myxococcus phage Mx8 and mycobacteriophage L5 [45] .
The putative MazG proteins encoded by KL1 and AH2 are gp35 and gp25, respectively. KL1 gp35 is similar to putative MazG proteins from phages infecting Synechococcus (including S-CRM01, S-SM2, and S-ShM2), Prochlorococcus (including P-HM1, P-HM2, and P-SSM2), and Bacillus (0305ϕ8-36), as well as to PA73 hypothetical protein ORF034 (Table 1) . AH2 gp25 is similar to putative Clostridium MazG proteins and to the Burkholderia phage proteins ϕE255 gp37, BcepMu gp06, and BcepB1A gp71. Both gp35 and gp25 are similar to E. coli MazG (100% and 99.76% probability, respectively) (Additional file 1: Table S1 and Additional file 2: Table S2 ). Because BCC bacteria found in soil and water are likely to be nutrient-limited (similar to cyanobacteria), MazG proteins in BCC-specific phages may help to facilitate infection in the environment. This protein may also be involved in the unique plaque phenotype of these phages, as the appearance of plaques at low titre after >16 h incubation (at which time the bacterial lawn appears intact) ( Figure 1 ) suggests that lysis of stationary phase cells may be occurring. Such a trait would be especially important for clinical use, as phage activity may be increased against stationary and/ or biofilm cells found in the CF lung.
MazG may also have an effect with respect to BCC pathogenicity. Synthesis of ppGpp has been associated with virulence in species such as Legionella, Listeria, Pseudomonas, Salmonella, Mycobacterium, and Vibrio (although the association in this species has been controversial) [53] [54] [55] [56] [57] [58] [59] . In P. aeruginosa, relA mutants are less virulent than the wildtype when tested in the Drosophila melanogaster model [55] and relA spoT mutants have reduced antibiotic tolerance [60] . Because MazG activity may mimic the effects of these mutations, it is possible that phage-encoded MazG could modulate the virulence and/or antibiotic tolerance of a lysogen. Further experiments are required to determine if the putative KL1 and AH2 MazG proteins have pyrophosphohydrolase activity, if these genes are expressed in lysogens, and if MazG expression has an effect on pathogenicity.
Convergent evolution
Although there have been relatively few papers published on the subject, the occurrence of convergent evolution in bacteriophages has been documented previously. Most studies examine the phenomenon at the molecular level by identifying identical base pair and amino acid changes that occur in different phage lineages under the same environmental conditions [61] [62] [63] [64] . Structural examples of convergent evolution, such as the Caudovirales tail and the tectivirus pseudo-tail, have been reviewed previously [65] . Given the ever-increasing number of completed phage genome sequences, it is expected that many more examples remain to be identified (particularly at the whole genome level). Furthermore, there are likely many examples in the literature of phages with similar phenotypes but dissimilar genomes that have not explicitly been identified as examples of convergent evolution, perhaps because they exhibit what is considered to be a "standard" plaque phenotype.
We predict that KL1 and AH2 represent examples of phage convergent evolution at the whole genome level. As discussed above, these two phages exhibit a plaque phenotype that is both similar and unique in comparison to all other BCC-specific phages that we have characterized previously. Because of these characteristics, KL1 and AH2 were thought to be the same phage prior to RFLP and genomic analysis. However, these phages appear to have convergently evolved because, as discussed throughout, their genomes are almost entirely dissimilar ( Figure 4A ). The relative rarity of this phenotype among characterized phages of the BCC and other species may be at least partially explained by sampling bias. Standard phage isolation protocols most readily identify those phages that have easily visible plaques on multiple hosts after overnight incubation at a broad range of temperatures. Phages such as KL1 and AH2 may be missed because of poorly visible plaques, incompatible hosts, insufficient incubation times, incorrect temperatures, titres that are too high or too low, overgrowth of bacteria, and/or competition by more rapidly lysing phages. As novel phages continue to be isolated from environmental samples using diverse bacterial hosts, the prevalence, distribution, and genetic basis of this phenotype should become more apparent.
Several mechanisms could explain the delayed plaque formation observed here, including long latent periods or lysis inhibition (both with concomitantly large burst sizes) [66] , preferential infection of stationary phase cells, or the gradual release of diffusible lytic enzymes from small plaques. In order to differentiate these possibilities, we performed one-step growth curves for both phages using either exponential or stationary phase C6433 as a host. Using a variation of a standard protocol (described in Methods), the phage titres unexpectedly remained stable (within one order of magnitude) over a 4 h period. Given the uninformative nature of these results, we have thus far been unable to identify the mechanism(s) responsible for the plaque phenotype. Taking into consideration the very specific conditions required for the observation of KL1 or AH2 plaques on solid medium, we predict that the infection kinetics in liquid culture may be highly dependent upon host (both strain and growth phase), incubation time, temperature, titre, and potentially other factors (such as medium) that are not accounted for using standard one-step growth curve protocols.
Conclusions
A recent publication by Ceyssens et al. [67] provides an interesting counterpoint to our study. While we identified KL1 and AH2 as phages that were phenotypicallysimilar but genomically-distinct, this group analyzed a set of Pseudomonas phages that were phenotypicallydistinct but genomically-similar. They found that, among ϕKMV-like viruses with between 83-97% nucleotide identity, there were significant differences observed with respect to latent period, host range, and antibody reactivity [67] . We have made similar observations with our collection of BCC-specific phages: two phages can have distinct phenotypes with respect to liquid clearing and host range while at the same time having almost identical genomes [22] . Taken together, the observations made by Ceyssens et al. [67] and those discussed in this study provide a) novel examples of both divergent and convergent phage evolution and b) further evidence of the broad diversity of phages that infect Gram-negative opportunistic pathogens.
Methods

Bacterial strains and growth conditions
Burkholderia cenocepacia strains K56-2 and C6433, part of the Burkholderia cepacia complex experimental strain panel [68, 69] , were used for phage isolation and propagation. Strains used for host range analysis (also part of the panel) were acquired from the Belgium Coordinated Collection of Microorganisms LMG Bacteria Collection (Ghent, Belgium) and the Canadian Burkholderia cepacia complex Research and Referral Repository (Vancouver, BC). Strains were grown aerobically overnight at 30°C on half-strength Luria-Bertani (½ LB) solid medium or in ½ LB broth with shaking. Lysates for DNA isolation were prepared from soft agar overlays made with ½ LB medium containing agarose instead of agar.
Phage isolation and propagation
KL1 and AH2 were isolated from sewage and Nandina sp. soil, respectively, using standard extraction protocols [26] . Environmental samples were incubated with shaking at 30°C in a slurry of ½ LB broth, suspension medium (SM) (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 10 mM MgSO 4 , 0.01% gelatin solution), and BCC liquid culture (K56-2 for KL1 isolation and C6433 for AH2 isolation). Solids were pelleted by centrifugation and the supernatant was filter-sterilized, plated in soft agar overlays with the BCC strain used in the extraction, and incubated overnight at 30°C and >24 h at room temperature. Plaques were picked using a sterile Pasteur pipette and transferred into 1 ml SM. Phage propagation was performed using soft agar overlays: 100 μl liquid culture and 100 μl phage stock (diluted in SM if necessary) were incubated 20 min at room temperature, mixed with 3 ml 0.7% ½ LB top agar, overlaid on a plate of ½ LB solid medium, and incubated at 30°C and room temperature until plaque formation was complete. High titre stocks were made by transferring multiple plaques into SM or by overlaying plates with SM and incubating 4-8 h at 4°C on a platform rocker.
Lysis characterization
Host ranges were performed using soft agar overlays (as described above) or by spotting 10 μl aliquots of phage stock (at multiple dilutions) onto a freshly-plated soft agar overlay containing 100 μl liquid culture. K56-2 LPS mutant [31, 32] host ranges were performed similarly using wildtype K56-2, RSF19 (wbxE::pRF201), XOA7 (waaL::pGPΩTp), XOA15 (wabR::pGPΩTp), XOA17 (wabS::pGPApTp), XOA8 (wabO::pGPΩTp), and CCB1 (waaC::pGPΩTp) (kindly provided by Miguel Valvano).
One-step growth curves were performed using a variation of a standard protocol [39] . One hundred microliters of diluted phage lysate containing 10 6 PFU of KL1 or AH2 was mixed with 10 8 colony forming units of C6433 (900 μl 5 h liquid culture [for exponential phase curves] or 100 μl 16 h liquid culture diluted in 800 μl spent ½ LB broth [for stationary phase curves]). The suspension was incubated 15 minutes at 30°C, diluted 1:1000 into a flask containing ½ LB broth (exponential) or spent ½ LB broth (stationary), and incubated without shaking at 30°C. One milliliter samples were withdrawn at one hour intervals for 4 h. Two 100 μl samples were plated immediately in soft agar overlays with C6433. One hundred microliters of chloroform was then added to the sample, mixed 5 s on a vortexer, and separated by centrifugation for 1 min at 13,000 rpm. Two 100 μl chloroform-treated samples were then plated immediately in soft agar overlays with C6433. Plates were incubated 48 h at 30°C prior to plaque enumeration. Experiments were performed in triplicate for each condition (KL1 exponential or stationary phase, AH2 exponential or stationary phase).
Electron microscopy
Filter-sterilized high titre stocks of KL1 and AH2 were used for electron microscopy. 5-10 μl of phage lysate was deposited onto a carbon-coated copper grid and incubated 5 min at room temperature. Following adsorption of excess lysate onto a filter paper, the grids were stained with 2% phosphotungstic acid for 2 min. Grids were viewed using a Philips/FEI (Morgagni) transmission electron microscope with charge-coupled device camera (University of Alberta Department of Biological Sciences Advanced Microscopy Facility).
DNA isolation, RFLP analysis, and sequencing
Phage DNA was isolated using polyethylene glycol precipitation and guanidine thiocyanate lysis. One hundred milliliters of phage lysate (propagated on C6433) was collected by overlaying turbid-clear or mottled ½ LB agarose plates with SM and incubating at 4°C 4-8 h on a platform rocker. Following the addition of chloroform, debris in the lysate was pelleted by centrifugation for 10 min at 10,000 rcf and 4°C and the supernatant was filter-sterilized with a Millex-HA 0.45 μm syringe driven filter unit (Millipore, Billerica, MA). Fifty milliliter aliquots of the supernatant were incubated at 37°C ≥40 min with 10 μl DNase I, 10 μl DNase I buffer and 6 μl RNase (Fermentas, Burlington, ON) to degrade contaminating bacterial nucleic acids. Following centrifugation for 10 min at 4000 rcf and 4°C, phages in the supernatant were precipitated in 1 M NaCl and 10% w/v PEG 8000 at 4°C. The precipitated phages were pelleted by centrifugation for 20 min at 10,000 rcf and 4°C and resuspended in 1.6 ml SM. To eliminate residual DNase I activity, the phage suspension was incubated at 37°C 10 min with 40 μl 20 mg/ml proteinase K. Following extraction of the phages with an equal volume of chloroform and the addition of EDTA to 100 mM, ½ volume of 6 M guanidine thiocyanate was added to disrupt the capsids and release the phage DNA. DNA was then purified using the GENECLEAN Turbo Kit (Qbiogene, Irvine, CA). Phage DNA was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA).
RFLP analysis was performed using 5 μg of phage DNA digested overnight at 37°C with EcoRI (Invitrogen, Carlsbad, CA). For cos site screening, 5 μg EcoRI digests were incubated 20 min at 80°C, cooled on ice, and separated on 0.8% agarose gels in 1x TAE (pH 8.0). Bands present only in the heated sample were excised from the gel, purified using a GENECLEAN III kit (Qbiogene), cloned into pJET1.2 (Fermentas), and sequenced to identify the cos site. Preliminary sequencing of EcoRI phage DNA fragments cloned into pUC19 was performed as described previously [19, 29] . For complete genome sequencing, phage DNA was submitted to 454 Life Sciences (Branford, CT) for pyrosequencing. The genome sequences of KL1 and AH2 have been deposited in GenBank with the accession numbers JF939047 and JN564907. Sequence start sites for these files were chosen based on alignment with PA73 for KL1 and at the cos site for AH2.
Bioinformatics analysis
Annotation of the genome sequences and determination of GC contents were performed using GeneMark (http:// exon.biology.gatech.edu/gmhmm2_prok.cgi) [70] . Manual annotations were performed for KL1 5 (encoding Rz1) and KL1 19/AH2 55 (encoding translationallyframeshifted tail proteins). Homology searches and conserved domain searches were performed using HHpred (http://toolkit.tuebingen.mpg.de/hhpred) [71] and NCBI's BLASTN/BLASTP (for full genomes and individual proteins, respectively) (http://blast.ncbi.nlm.nih.gov) [72] and Conserved Domain Search (http://www.ncbi.nlm. nih.gov/Structure/cdd/wrpsb.cgi) [73] . FSFinder was used for translational frameshift identification (http:// wilab.inha.ac.kr/fsfinder) [74] . Mfold was used for stemloop structure identification (http://mfold.rna.albany. edu/?q=mfold) [75] . Sequence comparisons were visualized using Circos (http://circos.ca) [76] and PROmer (http://mummer.sourceforge.net) [77] with the following
